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SUMMARY

‘This report describes an efficient numerical scheme developed
for investigating secondary flows, and outlines the design of
an experimental set-up for obtaining detail in channel
three dimensional secondary flow measurements. The analysis
applies to inviscid internal rotational flow fields and leads
to a very efficient numerical scheme for predicting the secondary
flow phenomena. The analysis is applied to the rotational flow
in a 90° bend with rectangular cross-section and then compared
with the experimental data. It is concluded from the comparison
that the physics of the secondary flow problem are well repre-
sented in the analysis. The analysis can be adapted with some

modifications to variable area ducts, and turbomachinery passages.
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NOMENCLATURE

light beam diameter entering lense

fringe spacing

diameter of laser beam in x direction at crossing point
focal length of focusing opt..cs

frequency detected at photodetector

half the angle of the dual beam intersection at the
measuring point.

total pressure divided by density

inner and outer radiis of the duct.

velocity component in r, ¢ and z directions, respectively

velocity vector

CGreek Symbols

Q vorticity vector

n,&,8 vorticity components in r, 6 and 2 directions, respectively
X streamlike function

A laser wave length

é the angle of laser beam intersection

Subscripts

i inner

o outer

I inlet

max maximum
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INTRODUCTION

The basic understanding of the secondary flow phenomenon
and of ways to reduce the losses associated with it, is needed
for the development of new high performance turbomachines.

The main effect of the secondary flow on overall turbomachinery
performance is a result of its influence on the angle and the
energy distribution of the flow leaving the blade rows. A
deviation in the existing flow angles from those predicted by the
blade element analysis results from the secondary velocities.

The secondary losses are also caused by the redistribution of

the low energy flow by the same secondary velocities. These
cross velocities are associated with the secondary vorticity
development in the streamwise direction through the turning of
the flow with nonuniform inlet conditions in the blade passages.

Secondary flow in compressor and turbine cascades has been
the subject of several theoretical and experimental investigations.
In most of the experimental secondary flow investigations, the
flow measurements have been limited to cascade inlet and exit
conditions to provide empirical correlations for secondary flow
losses and exit flow angles {1, 2 and 3]. Although some experi-
ments included blade surface static pressure measurements and
some used visualization techniques at the end walls, no detailed
in-channel experimental flow measurements are available to
date. In the present study, an experimental set-up has been
designed to provide detailed three dimensional in-channel

secondary flow measurements. The main objectives of the design
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were to maintain high accuracy in the measurements of the |
secondary velocity without disturbing the secondary flow pattern,
and to remove any ambiguity in the definition of the direction
of these relatively small velocities. These objectives were
maintained in the design of the tunnel, the Laser Doppler
Velocimeter, the particle feeder for feeding the flow, the
optical system and the data acquisition system. The details

of the experimental set-up design and calculations, and a
discussion of the methods for obtaining the secondary flow
measurements can be found under the section on the experimental
study.

Traditionally, the effect of secondary flow on cascade flow
exit angle have been estimated analytically through the super-
position of the secondary velocities on the irrotational flow
field. These velocities are computed from approximate expressions
of the secondary vorticity [4, 5]. Turbomachinery flow field
solutions are usually based on synthesizing the three dimensional
flow field from two dimensional computations on stream surfaces
in the manner described by Wu [6]. The very few existing
numerical inviscid secondary flow solutions [7 and 8] are based
on the same approach. This limits these analyses to flows with
small stream surface warpage, such as in compressor cascades,
because of the small deflection in the flow channels. Horlock [9]

pointed out the need for the development of a three dimensional

analysis that can predict the excessive secondary rotations in

the case of turbine blade rows. In the present study, a new




analytical formulation for the secondary flow problem has been
developed as reported in reference [10]. The primary objective
in arriving at this formulation was that it should not be
limited to small stream surface warpage, but should be applicable
instead to highly rotational flows with large turning angles.
The efficiency of the code developed for the solution of the
secondary flows, has been demonstrated through comparisons

with computing times of other existing methods [11]). The
agreement between the results of the numerical computations

of three dimensional rotational flow in a rectangular curved
duct with existing experimental data has been demonstrated in

the same reference.

EXPERIMENTAL WORK

The purpose of the experimental work is to obtain detailed
accurate in-channel three-dimensional flow velocity measurements.
The accuracy of the velocity measurements is very critical
because of the flow field complexity. Additional problems in
secondary flow measurements include the difference in the
order of magnitude between the three velocity components and the
possible ambiguity in defining the direction of the secondary
velocities. The experimental measurements of this complex
flow field are based on the use of a two-color, back scatter

Laser Doppler Velocimeter system.




The Experimental Set-Up

The experimental set-up is shown schematically in Fig. 1.

It consists of the tunnel, the particle feeder, the LDV System,
the optical system, the data acquisition system, and the
mechanical system for traversing the laser signal in the tunnel.
The LDV and data acquisition systems have been acquired through
an NSF equipment grant. The design of the experimental set-up
is completed and the fabrication is near comnletion.

The LDV has been tested in another tunnel of simpler flow
field wusing aluminum oxide powder as the seeding material,
because of the relative ease of introducing it into the flow
field. Through this experiment the accuracy of the velocity
measurements have been tested and the data was found reproducible
and precise enough to justify confidence in the experimental
system. The various systems will be described and their design
discussed in the following sections.

The Tunnel

The tunnel was designed to study the dévelopment of the
distributed passage vortgg,in order to use the results in evaluating
the numerical code. For this purpose a constant area curved
duct tunnel with a rectangular cross section was built to investi-
gate the internal three dimensional rotational flow without the
additional complexities of other turbomachinery effects such as
stagnation point, tip clearance, trailing edge and spanwise
pressure gradient. The tunnel is made of 3 mm thick plastic walls

with screen vortex generator at inlet. The 90° turning angle

- T e ——




curved duct whose cross section is 2x 4 inches is constructed.

by cement welding two concentric cylindrical walls for the 5 inch
and 7 inch duct inner and outer radii to the end walls. Cold
bending is used in forming the cylindrical surfaces in order

to avoid laser signal deformation.

The LDV and Optical Systems

A two color 4 watt laser system is used in backward scatter
mode for the experimental measurements. The Spectra Physics
Model 16409 argon-ion laser has blue and green beams of wave
lengths 0.488 u and 0.5145 u, respectively. With the two color
system, it is possible to measure two velocitv components at
right angles, simultaneously. Referring to Fig. 2, the beams
go through the beam splitters, two 2" diameter mirrors and
two 1" diameter mirrors. The blue beam is split into two beams
in the horizontal plane and the green beam is split into two
beams in the vertical plane. The polarity of the blue and
green beams is adjusted through the polar rotators. A 4" diameter
mirror is placed on the tunnel's axis of curvature, as shown
in Fig. 3, to direct the beam at the desired position in the
tunnel. For this purpose, the mirror is mounted on the rotational
and radial control system. This system provides and controls
the traverse motion of the mirror along the center axis of
curvature of the tunnel as well as the mirror rotation around
the optical axis. The rotational and radial control system is
mounted on the optical systems table and a traverse motion along
the table is allowed to change the distance between the big

mirror and the receiving optics. The rotation of the 4" diameter




mirror about the optical axis provides measurements along a
constant radius arc. The traverse motion of the mirror along
the center axis of curvature of the tunnel does not change the
radius at which the measurements are obtained. A combination

of these two motion surveys a cylindrical surface of constant
radius. Through the lateral motion of the whole rotational and
radial control system along the optics table to change its distance
from this receiving optics, in addition to the mirror rotational
and translational movements described previously, it will be
possible to survey the whole flow field in the tunnel. Both

the through flow (or circumferential) velocity component, and

the lateral velocity component in the direction of the tunnel
axis, will be performed with the mirror and the rotational and
radial control system in place as shown in Figs. 1 and 2. 1In
these measurements -the LDV beams travel through the inner curved
wall with the smaller radius of curvature. When measuriﬁg the
radial velocity component, the mirror and the rotational and
radial control system will be removed and the LDV system aligned
so that the oncoming and reflected beams go through the non-
curved side wall of the duct.

The Particle Feeder

A 9302 model atomizer is used for seeding the flow field
with a 2.02 p diameter polystyrene latex particle. The
hydrosol of particles and water will be atomized such that each
water droplet contains no more than one particle. A particle

feeder will be constructed in our machine shop as shown in




Fig. 4 in the near future. According to the design, the atomizer
output is mixed with dry air in a 1.8" ¢ tube before the water

is condensed in a big chamber and the seeded air returned in

a 3/8" ¢ tube.

The Data Acguisition System

Two TSI model 1990 signal processors are used to process
the signals from the photo detectors. The signal processors
are capable of handling frequencies ranging between 1 KHZ and
200 MHZ. The signal frequencies corresponding to the small
secondary velocities fall into the pedestal noise frequency
range where the noise levels are extremely high. The frequency
shifter shifts the incoming signal frequency to the desired
range where the noise levels are the lowest, and also resolves
the ambiguity in the secondary flow velocity directions.

A PDP 8/E computer is used to synchronize the data processors
signals and to compute the velocity magnitude and direction.
A computer program to provide histogram for both velocity
magnitude and directions is written in assembler language.

Experimental Set-Up Design Calculations

While the measuring volume should be small for accuracy, the
number of fringes in the measuring volume should be large enough
to provide sufficient data points, Referring to Fig. 5, the
following calculations were used in the design. The number of

fringes, in the measuring volume is inversely proportional

NFR'
to the fringe spacing, d¢, and can be determined from the following

equation:

h: 4
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m
de

Ner =

where df is the fringe spacing and
dm = 4Af/n De-Z coskK

where X is the laser wave length, f is the focal length of the lense
and, «x, is half the angle, ¢, of the laser beam intersection
as shown in Fig. 5. The fringe spacing is proportional to the

wave length A as given in the following equation:

o
de = 7 sinx

Referring to Fig. 5, the value of the different parameters in

our system are as follows:

d = 50 mm
d = 2k = 11.05°
f = 250 mm

and D,_, = 1.5mm

Using the above equations, the number of fringes in the measuring
volume were calculated to be 44 for both green (A = 4880°2)
and blue (A = 5145°A) beams. The expected frequency, Fp, at

the photodetector can be determined from the following equation

- 2V 81nkK

Fp p

where V is the expected flow velocity.
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Experimental Investigation of the Tunnel Wall Effect on

the LDV Signal

The optical system design was proceeded by a systematic
experimental study, to investigate the signal deterioration
of the LDV system through the curved wall, which is critical
to the accuracy of the flow velocity measurements. For this
purpose, the green beam (A = 514.5 mm argon multimode laser)
was used in dual beam backward scatter mode through the
5 inch radius cylindrical plastic wall, as shown in Fig. 6.
The signal was generated by fibers (¢ = 0.005 in. = 127 um),
attached on the perimeter of a rotating disk with a constant
speed of 3400 rpm, measured by stroboflush-light. A memory
scope was used to observe the burst signal. The cylindrical
wall was positioned such that the axis of the optical system
goes through the center of the radius of curvature. The
experiments were conducted at different angles, namely 0°, 45°
. and 90°, between the plane of the dual beam and the axis of
the dylindrical wall. The power level of the laser as well as i
;% the TSI data processor settings (filtering, min. cycles, expon.,

’ amplifier level) remained constant throughout all experiments.
The investigation led to the following conclusions in regard
to the effects of the wall curvature, thickness and initial
stress due to bending on the LDV signal:

1. The polarization of the beams through the curved wall is

not significantly deteriorated by the plastic material

1 : itself, nor by the initial stresses and the curvature.

10




2. The strength of the signal through the curved wall is
reduced to approximately one~fourth of that without
the wall.

3. The beams focusing point off-set by the wall thickness

is not significant but that due to curvature is not.

11
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ANALYTICAL WORK

The secondary flow in turbomachines resulting from the
spanwise variation in the velocity of the flow entering the blade
row is a complex three dimensional flow problem. Traditionally,
turbomachinery flow fields are determined from two dimensional
solutions which are obtained on two intersecting families of
stream filaments with variable thickness. The governing equations
are satisfied on the mean surfaces of these stream filaments,
which are referred to as the S1 (blade~-to-blade) and the
82 (meridional) surfaces. The correct solution of one family
of surfaces requires some data from the other, and consequently,
an iterative process between the solutions on these two families
of surfaces is involved. Two techniques have been used to obtain
solution on the Sl or S2 surfaces, namely the matrix method
and the streamline curvature method.

.In the streamline curvature method, the solution domain
is covered with grid lines formed by the flow streamlines and
orthogonals or quasi-orthogonals. The momentum eguation is
expressed in terms of the streamline's curvature to obtain velocity
gradient equations. These equations are integrated along the

orthogonals or the quasi-orthogorials for the flow velocities.

12




The continuity equation is then used to adjust the position of
the streamlines. This process is repeated until the solution
converges to a specified criteria.

In the matrix method, a stream function is defined to
satisfy the continuity equation. When the velocity components
are expressed in terms of the stream function and substituted
in the equations of motion, a second order differential equation
results, for the stream function. Iterative solutions, such as
point and line successive over-relaxation methods, are commonly
used for the solution of the stream function finite difference
equations in turbomachinery flow computations.

Several problems are encountered in computing a synthesized
three dimensional turbomachine flow field from the solutions
on the S1 and 82 surfaces. These problems are related to the
exchanged information between the two solutions such as the
stream surfaces geometry and the stréam filaments thickness.

In the case of cascades with large turning angles, considerable
stream surface twists, are caused by secondary flow. For this
reason, the traditional quasi-three-dimensional flow solutions

in turbomachines are not applicable to these highly rotational
flow fields. Stuart and Hetherington [7] tried to study the
rotational flow in a 90° bend by synthesizing a three-dimensional
flow field through iterations between two dimensional solutions.
They were unable to reach convergence in the iterative numerical
solution and had to abandon this approach. They speculated

that the information conveyed between the two solutions was not

sufficient to produce convergence.




It is clear that the large stream surfaces warpage, the

streamwise vorticity development, as well as the effects of

both these phenomena on the through flow velocity, should be

carefully modeled in any method that is developed for studying

the three dimensional rotational flow in cascades. All these

factors have been thoroughly investigated in developing the

present analytical work. Throughout the formulation, the

objective was also to develop a highly efficient numerical code,

both in regard to computer time and storage requirements [11].

MATHEMATICAL FORMULATION

The primary dependent variables in the present analysis are

the through flow velocity and vorticity components, and the

streamlike function. The latter represents a new concept

developed by Hamed and Abdallah [12], particularly for this

study as a very effective method for the simultaneous numerical

solution of the continuity and vorticity equations {13, 14].

The basic idea behind the mathematical formulation is to mani-

pulate the governing equations in order to arrive at two first

order hyperbolic equations in the through velocity and vorticity.

The first of these is the component of Helmholtz equation in the

through flow direction. The second is obtained through eliminating

the total pressure from the momentum equations.

are solved usinag a marching technique (15, 16]

flow direction. The streamlike function solution then provides

the secondary velocity components.

14

These two equations

in the through




The governing equations for rotational inviscid incompressible
flow are first given in vector form as follows:

Continuity equation:

V-V =0 (1)

Momentum equation:

vxQ = vp (2)

where V is the velocity vector, P is the total pressure divided
by the density, and  is the vorticity vector which is defined

as the curl of V

VxV =g (3)

The formulation of the governing equations is based on the
use of the vorticity component in the through flow direction as l
one of the dependent variables. For this purpose, it is more
appropriate to replace one component of the momentum equation
with a component of Helmholtz equation. This can be derived

by taking the curl of the momentum equation (2) to give:

UxVxQ = Vx Vp (4)

From vector identities,

UxTxQ = G0V~ Q(V:V) = (V-V)0+ (VD) (5)
IxVp =0 (6)
and
V@ =0 (7)
15




Using equations (1), (5), (6} and (7) into equation (4},

we obtain Helmholtz equation which is used in the analysis
V-v8 = Q.vV (8)

The cylindrical coordinate system is used in the analysis
to simplify the boundary conditions in the constant area duct
of Fig. 7. Equations (1), (2) and (8) are rewritten in these

coordinates as follows:

Continuity equation:

9
]
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Momentum equation:

r-component,
= 3B

9 -component,

_Llop
wn - ug = - %% (11)
z-component,

_ dP
uf = vn = 3z (12)

where u, v and w are the r, 6 and z components of velocity and

n, £ and ¢ are the r, & and z components of vorticity defined as

follows,
1l 3w _ 9v
n = T -e— Z (13a)
u W
£ TR (13b)
16




[

u
DI
313

+
Rig

'
R

&

QX
D

Helmholtz eguation:

r-component,

+ % (g - wvn)
§—-component,

- % (ug - ¥ n)
z-component,

Initial and Boundarv Conditions:

Referring to Fig. 7, the following initial and boundary

conditions are used.

v(r,0,2) VI(r,z)

|
o

z(r,0,2)
u(Rilellz) = u(Rorezlz) =0

w(r,8,0) = w(r,8,H) =0

17

(13c)

(14)

(15)

(16)

(17a)

(17b)

(18a)

(18b)
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The through flow vorticity component, £, is determined from
the solution of equation (15). The other two components of
Helmholtz equations (14), (16), and the momentum equations (10)
to (12) are manipulated to arrive at the differential equation
which is solved for the through flow velocity component v. The
cross velocity components u and w are calculated from the
simultaneous solution of the continuity equation (9) and the

vorticity equation (13b) at constant 6.

Derivation of the Through Flow Velocity Equation

Using the total derivative operator with equations (10)

and (12), we obtain:

vV (uE - vn) = G-V(g—Z) (19a)
vev(ve - wE) = ?;-V(g—f,) (19b)

Equations (19a) and (19b) can be expanded and rearranged in the

following form

N(V-Tv) = E(V-Tu) + u(V-VE) = v(V-Vn) = V.V (%2) (20a)

and

2 (Y- 7v) _\;-V(g—i) - V(VeVE) + E(V-Tw) + w(V-VE) (20b)
The term G-V(%g) in equation (20a) can be exprezsed in terms of
the velocity components u, v, w and the through flow vorticity £

as follows:

> 3P, _ 3 > )
V'V(-é-z) =37 (veVp) - == * Vp (21)
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L : On using the momentum equations (10), (11) and (12) in equation

(21) one obtains:

0By o - 24 [ v, v _1du
VVizg) = -5z sz + 2 - 39 - wEl

v 1l 3w v v v 1l %u
r TR T UL R 10
W 1 %w v
3z {ug - V(; 35 "a—z-)] (22a)

Similarly, using the momentum equation, eguation (20b) can be

written as follows

vl = - 2 w3 .

or r 36 9z a6
AW e - gL W 3v
Ir (ug v(r 36 az)] (22b)

Expanding equations (20a) and (20b) in full and using equations

: (22a) and (22b), we obtain:

i u 3% + % 3% + W 3% = {w(u %% + % %5 + W 3%) + Ew 3%

1, e E iR E-Roder-i -

b
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v, vV 3y v _ 3 L v 3 3 du
Usrfrmtvae = futu 52 + £33 TV YU
1l 3w dv, du_ Iw 1l 3w A v 1l 5w oV

AT I U - TR A P I PR AT TR T
v 1l 3u 1 9w v
- u(-——+;- ;ﬁ)]}/('f'a—e" 3z (23b)

Derivation of the Streamlike Function Equation

Equaticns (9) and (13b) are two coupled first order equations
in u and w. Their simultaneous solution succeeds the through flow

velocity and vorticity computations from equations (15) and (23).

Equations (9) and (13b) are first rewritten as follows:

du . u ow _ _ 1 sv

Ttz T T e (24)
Ju W _

5z " 3¢ - ¢ (25)

In this form, it is clear that the source/sink term in the right
hand side of equation (24) is caused by the variation of the
through flow velocity, v, in the 6 direction.
The simultaneous solqtion of equations (24) and (25) is obtained
using the streamlike function formulation [12, 13]. Through
this formulation, the two coupled first order equations (24)
and (25) are transformed into a single second order equation
with Dirichlet boundary conditions.
Hamed and Abdallah [12, 13] defined a streamlike function, X»
which identically satisfies the continuity equation with the

source term. According to this definition, the cross velocity

components u and w are related to x through the following expressions
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_laxy , 17 v
BerwtEl g a (26)
i
and
= - 13
W="7T% (27)

The deviation from the standard definition of the stream function
formulation is in the extra integral term of eqguation (28), for
the velocity component u.

When equations (26) and (27) are substituted into equation

(25), one obtains:

; 2

@
><

(28)

2

32 3
+ ——% = r§f + —
5z 9z

o—H
o)lw
@]

[o7]
H

i
!
H

r

Equation (28) is solved for the streamlike function x using

successive over relaxation, then equations (26) and (27) are

used to calculate the two velocity components u and w. The following
': boundary conditions for the streamlike function, X, are obtained

by substituting equations (26) and (27) into equations (l18a) and

B (18b).
R,
) 3X = v = =
= £ g dr at r = R, and r R (29)
b i
'
: ) %% =0 at z =0 and z = H (30)

Integrating the derivatives on the right hand side of equations
(29) and (30) along the duct cross section boundaries, yields

Dirichlet boundary conditions for the streamlike function ¥.
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RESULTS

The numerical solution of the governing equations is obtained
in a 90° turning duct with rectangular cross-section. The
experimental data of reference [17], which is obtained for a
flow field with substantial inlet velocity variation, is used
in the assessment of the present analysis. The same data w:'s
used for comparison with the numerical results in references
[7] and [8]. The flow measurements were reported at the 30°,
60° and 90° turning angles of a rectangular duct, with a 15" mean
radius and a 5x 10 inch cross-section. The duct geometry and
dimensions are shown in Fig. 7. The experimentally measured
inlet profile of reference [17] is reproduced in Fig. 8. It
can be seen from this figure that the variations in the profile
are greater in the low velocity regions compared to the nearly
uniform velocity at the center line. 1In addition it may be
observed that the variation in the radial direction is not too
significant. The inlet velocity used in the numerical solution
had a parabolic profile in the z-direction. Due to the symmetry
of the inlet profile the computations are carried out only in
the lower half of the duct. The governing equations were non-
dimensionalized before the numerical solution, so that all the
results, except the velocity contours, are presented in the non-
dimensional form. The duct inner radius, Ri’ and the maximum

flow velocity at inlet, V , were used in the normalization.

Imax

The results are presented in the form of secondary vorticity

and through flow velocity contours, and vectors showing the
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magnitude and direction of the secondary velocities. Figures

9, 10 and 11 present the results of the computations at 30°,

60° and 90° turning angles, respectively. Due to the symmetry
of the inlet profile, the results are presented in the lower
duct half. It can be seen from these figures (9a, 10a and 1lla)
that the vortex center is generally closer to the end wall.
Because of the symmetry of the inlet profile, the generated
secondary vorticity is assymmetric. It would be negative

in the upper duct half, and vanishes at the plane of symmetry.
The center of secondary vorticity can be seen to move towards
the outer curved wall between 30° and 90° turning angles. A
comparison of Figures %a, 10a and l1la reveals that the generated
secondary vorticity reaches a maximum at the 30° cross-section,
then decreases at higher turning angles. Figure lla shows a
larger region of low secondary vorticity near the plane of symmetry
at the 90° cross-section. This region also extends to the inner
corner where negative vorticity starts to develop. The corres-
ponding variations in secondary velocities can be seen in

Figs. 9b, 10b and 1lb. It can be seen from these figures that,

while the secondary velocities are comparable in magnitude at
': the 30° and 60° duct cross-sections, they are significantly
smaller at the 90° cross-section. The secondary velocities are
particuiarly very small near the plane of symmetry at the 90°
section, which is the region of very small secondarv vorticity.
v The center of rotation in Figs. 9b, 10b and 11lb is different

{ from the vortex center in Figs. 9a, 10a and lla. This difference

At e e e A i A e A St et A it i e e
. - -, -
> . «
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can be attributed to the source term in the continuity equation
which is caused by the variation in the through flow velocity
component in 6-direction. It can be noticed from these figures,
that between 30° and 90° cross-sections, the center of rotation
has moved outwards and upwards.

The velocity contours are shown in Figs. 9c¢, 10c¢c and llc
for 30°, 60° and 90° turning angles. Significant rotation of
the through velocity contours can be observed in the first 60°
of the duct, from their original parallel horizontal shape.

The contours become nearly vertical before their rotation rate
starts to decrease for turning angles greater than 60°. In
particular, no significant rotation of the velocity contours
can be observed near the axis of symmetry at the 90° turning

angle.

DISCUSSION AND CONCLUSIONS

The results of the present analysis were compared to the
experimental data of reference [17]. The same flow field was
investigated in references [7], [8] and ([18]. The first two of
these references represent inviscid flow solutions, while the
last represents a viscous flow solution. The present analysis
was compared to these investigations [l11l], in terms of agreement
with the experimental data of reference [17] and also in terms
of the computer time rquirements. It was concluded from that
comparison that the present analysis prediction of the rotation
of the constant velocity contours,as well as the velocity

magnitudes, is generally satisfactory. The agreement between
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the present analysis and the experimental data is very significant
in the high velocity regions, where the viscous effects are not
dominant. The viscous solution [18]) fails to predict the rotation
of the high velocity contours, as well as the magnitude of the
velocity in this region [l11l]. The inviscid solution of
reference [7], on the other hand, gives satisfactory results in
the high velocity regions but is in poor agreement with the
experimental data in the low velocity regions.

In the present study, numerical computations were carried
out in double precision on AMDAHL 470 V/6-II. Using a
(11 x 11 x 45) grid, the computer time was 20 seconds.
Fagan {8], using the total of six stream surfaces, with 200
nodal points per surface reported a CPU time of 1500-2100 seconds
on the IBM 370/155. Stuart and Hetherington [7], reported a
CPU time of 840 seconds on the IBM 360/65; using a (9x8x15)
grid. Roscoe [18] used an (8x 8x 16) grid to obtain his solution,
and reported a CPU time of 550 seconds on CDC 7600. It can be
concluded therefore that the basic secondary flow phenomenon
is well represented by the present analysis. 1In addition, the
computer time in the present study is significantly smaller than

the computer time in references [7], [8] and [18].
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FIG. 8. INLET VELOCITY CONTOURS,
EXPERIMENTAL DATA, REF. (17),
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FIG. 9a. SECONDARY VORTICITY, e = 30°,
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FIG. 10a. SECONDARY VORTICITY, e = 60°..
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FIG. 11a., SECONDARY VORTICITY, & = 90°.
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